Since the discovery of exchange bias (EB) associated with the ferromagnetic (FM) unidirectional anisotropy coupling between FM and antiferromagnetic (AFM) interface in Co/CoO. 1 The EB has been extensively investigated due to its technological applications in ultrahigh-density magnetic recording, giant magnetoresistance, and spin valve devices. 2, 3 Despite its utility, a comprehensive understanding of the EB effect is a long-standing problem involving fundamental questions of surface and interface magnetism. In recent years, the EB effect has also been observed in offstoichiometric Mn rich Ni-Mn-Z (Z ¼ Sn, In, and Sb) alloys and the mechanism behind it has been investigated in many literatures. [4] [5] [6] On the one hand, the Mn-Mn exchange interactions at the regular Mn sublattices and the Mn atoms occupying the regular Mn sublattice and Z sublattice are usually FM and AFM, respectively. 7 Furthermore, these alloys in martensitic phase generally present the distorted tetragonal or orthorhombic structure, which would result in the decrease of the Mn-Mn distance compared with its austenite, and further enhances the AFM interaction. Thus, a large degree of magnetic frustration appears in martensitic phase at low temperature regime. 8 On the other hand, the Ni-Mn hybridization may be also responsible for the magnetic properties, especially for the AFM interactions, 9, 10 and a stronger hybridization would result in a stronger AFM exchange. As a result, an enhanced EB could be expected in the martensitic phase after field cooling (FC) with the coexistence of FM and AFM systems.
Recent investigation for these alloys indicated that, however, the EB effect could also be obtained after zero field cooling (ZFC) in Heusler alloys. 8, 11, 12 The mechanism of such a spontaneous EB was first reported by Wang et al.
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They proposed that it is related to the newly formed interface among different magnetic phases. The superparamagnetism (SPM) domains can grow in size under an external magnetic field, which induces a transition from superspin glass (SSG) to a superferromagnetic (SFM) state. Meanwhile, the SFM unidirectional anisotropy can be created isothermally as it is contacted with the AFM at the low temperature regime. The interface transition forms from initial SSG-AFM to SPM-AFM and finally to SFM-AFM interface. Therefore, a spontaneous EB effect could be observed. Very recent investigation shows that the spontaneous EB, however, is resulted from the superinteraction bias coupling between the FM and AFM moment via SSG moments at the interface, in which the SSG phase plays a major role in inducing spontaneous EB. 13 It is well known that the magnetic and martensitic transition can be tuned markedly by the partial transition metal substitution for Ni or Mn in Mn rich Ni-Mn-Z Heusler alloys. [14] [15] [16] Co doping in Ni-Mn-Sn, for example, would be expected to affect AFM and further affect the complicated interface interactions such as SSG-AFM, SPM-AFM, and SFM-AFM. Based on this motivation, we prepared Ni 50 Mn 36 Co 4 Sn 10 alloy, and investigated the spontaneous EB after ZFC in martensitic phase at low temperature regime. With the doping of Co, we found that the AFM enhances and the spontaneous EB could achieve a very large value of 2964 Oe at 5 K, which is far higher than what has so far been observed in Ni-Mn based Heusler alloys. More interestingly, an abrupt drop of the EB field (H EB ) below 5 K was also observed.
The polycrystalline Ni 50 Mn 36 Co 4 Sn 10 alloy with a nominal composition was prepared by arc melting under an argon gas atmosphere using Ni, Mn, Co, and Sn of 99.9% purity and was remelted several times. The ingot ($4 g) was subsequently annealed at 1173 K for 24 h under argon in quartz glass and then quenched in ice water. The crystal structure was determined by X-ray diffraction (XRD) with Cu Ka radiation at room temperature. The refinement of XRD is consistent with the single phase tetragonal L1 0 -type structure, 17, 18 as shown in Fig. 1(a) , and the refined lattice parameters are a ¼ b ¼ 7.7655 Å and c ¼ 6.9060 Å , respectively. In order to a) characterize the martensitic transformation, we also performed differential scanning calorimeter (DSC). We subsequently carried out the magnetization using AC Measurement System (ACMS) and Vibrating Sample Magnetometer (VSM) attached to a Physical Property Measurement System (PPMS-9, Quantum Design).
The inset of Fig. 1(b) illustrates the DSC curve. Two well defined peaks with thermal hysteresis of $11 K appear between the heating and cooling cycles, which clearly indicate the first-order nature of the martensitic transformation. The characteristic temperatures, martensite start (M s ) and martensite finish (M f ) during cooling, are 480 K and 448 K, respectively, while austenite start (A s ) and austenite finish (A f ) during heating are 445 K and 490 K, respectively. The martensitic transformation temperature (T m ) for our sample is about 466 K, which is higher than that of Ni 50 Mn 40 Sn 10 ($455 K). 12 We attribute the increase of the T m with Co doping to two aspects. For one reason, T m generally increases with the increasing of the valence electron concentration e/a. 19 The e/a of Ni 50 Mn 36 Co 4 Sn 10 with the value of 8.28 is larger than that of Ni 50 Mn 40 Sn 10 with the value of 8.2, 12 and it gives rise to the T m shifting to higher temperature. For the other reason, with the Co doping, the distance of Ni-Mn will decrease as the radius of Co is smaller than that of Mn, the hybridization between Ni 3d e g states and the 3d states of the excess Mn atoms at the Sn sites becomes stronger, leading to the shift of T m to the higher temperatures. 9, 20 In addition, the Ni-Mn hybridization also affects the magnetic properties, especially for the AFM interactions 9,10 and the stronger hybridization would result in a stronger AFM exchange.
Figure 1(b) shows the temperature dependence of magnetization M(T) measured at H ¼ 500 Oe under ZFC, FC, and field-cooled warming (FCW) modes, respectively. A bifurcation between the ZFC and FC curves appears and becomes much more pronounced with the decrease of temperature, showing the coexistence of magnetically inhomogeneous phase. Such a complex phenomenology can be explained by different mechanisms in the martensitic phase, such as reentrant spin glasses, 21 SPM or SSG, 22 and a sequence of paramagnetic (PM) to FM phases. 23 It is noted that there exhibits a peak at T p ¼ 85 on the ZFC curve. The appearance of the peak is believed that it is a feature commonly associated with SSG and SPM. 24 In order to clarify the origin of the complicated magnetic states mentioned above at low temperatures, the temperature dependence of the real part (v 0 ) of ac susceptibility has been measured under a low magnetic field of 4 Oe (Fig. 2(a) ). We calculated the initial frequency shift of T p from the frequency dependence of peak temperature, by employing 22, 25, 26 
where U is the empirical parameter and DT p is the total change in the frequency interval. The calculated value of U % 0.034, which is close to the reported value of 0.040 for SSG, 24 meaning that our alloy shows SSG behavior at temperature below T p .
Another approach to testing the SSG behavior is the standard theory of dynamical scaling near the phase transition at T p . The temperature dependence of the relaxation time s can be expressed by a power law 22, 25, 27 
where s 0 is the relaxation time of individual particle moment, T g is the static glass temperature, and zv is the dynamic critical exponent. Our fitting with Eq. (2) shows a good agreement with the experimental data and some parameters were obtained (s 0 ¼ 10 À9 s, zv ¼ 5.9, and T g ¼ 81 K) ( Fig. 2(b) ). These values are close to those reported for SSG (s 0 ¼ 10 À9 s, zv ¼ 7.4). 25 The variation of lns with lnðT p =T g À 1Þ has a linear relation as shown in the inset of Fig. 2(b) , which is further proved to be the existence of SSG at low temperatures as reported in the literature. Figure 3(a) shows that the M(H) curves with a small magnetization are straight lines at temperatures between 250 K and 350 K, indicating that the alloy is paramagnetic within this temperature regime. After further cooling, 125 K T 250 K, however, the M(H) curves become nonlinear and display s sigmoid shape, as shown in Fig. 3(a) . The magnetization is quite low and it does not saturate even in a high magnetic field of 9 T. Moreover, the M(H) loops show no magnetic hysteresis (neither remanence nor coercivity). These characteristics manifest that the alloy in this temperature range may show SPM behavior. In order to confirm this assumption, the M(H) curves are further analyzed within the framework of the modified Langevin model, which could be described as the magnetic response of the SPM clusters embedded in the paramagnetic 28, 29 MðHÞ ¼ N lLðnÞ þ v 0 H;
where M is the magnetization, H is the external applied magnetic field, N is the density of particles with magnetic moment l, and LðnÞ ¼ cot hðnÞ À 1=n is the Langevin function, where n ¼ l 0 lH=k B T, k B is the Boltzmann constant, and v 0 is the mass susceptibility. The M(H) curves can be well fitted according to Eq. (3), as shown in Fig. 3 /kg. The temperature dependence of l shows the same behavior, 30 i.e., the l increases linearly with the decrease of temperature, as shown in the inset of Fig. 3(b) . The l we obtained is much smaller compared with the previously reported results, 22, 29, 30 which implies the SPM embedded in AFM at 125 K T 250 K, rather than the simple SPM behavior as the substitution of Co for Ni in Ni 43.5 Co 6.5 Mn 39 Sn 11 . 22 Now, we turn our attention to the discussion of the EB effect. The conventional EB after FC was observed (Fig. 4) , which is consistent with the previous reports. This conventional EB effect can be ascribed to the coexistence of AFM and FM phases and the interaction at the interface. 2 The H EB is defined as
where H L and H R are the left and right coercivity, respectively. The calculated H EB decreases monotonously with the increase of temperature, which can be understood as the decrease of AFM anisotropies with the increase of temperature. More interestingly, the spontaneous EB was also observed after ZFC as shown in Fig. 4 . Such a spontaneous EB can be ascribed to the newly formed interface between different magnetic phases as proposed by Wang et al. 11 The magnetic state of Ni 50 Mn 36 Co 4 Sn 10 at low temperature is SPM domains embedded in AFM matrix. The SPM domains are collectively frozen forming SSG state at lower temperature. In this case, the magnetic state is SSG embedded in AFM matrix state after ZFC, and the SSG would transform to SPM with an application of the magnetic field during measurement of hysteresis loop. SPM domains will grow in size with the increasing of the applied field and would lead to a SFM exchange through tunnelling superexchange. As a result, a new stable SFM-AFM interface forms, which is similar to a FM-AFM interface. 11 In other words, the overall magnetic transition sequence of the interface takes place isothermally from SSG-AFM to SPM-AFM and finally to SFM-AFM interaction. Figure 5 shows the calculated spontaneous H EB together with the left and right coercivity (H L , H R ) as a function of temperature. The spontaneous EB increases with the decrease of temperature until a maximum H EB achieves around 2964 Oe at 5 K, as shown in the upper panel of Fig. 5 . The increase of spontaneous EB with the decrease of temperature above 5 K can be understood by the fact that the AFM anisotropy increases with the decrease of temperature. The maximum H EB is far higher than what has so far been observed in Heusler alloys. 12 The large spontaneous EB can be attributed to the enhancement of AFM interactions and thus makes it easy for the AFM region to pin the domains of the FM region.
Below 5 K, to our surprise, an abnormal drop of H EB with the decreasing of temperature was observed, as shown in the upper panel of Fig. 5 . The calculated spontaneous H EB shows a nonmonotonic change, namely, it increases with the decrease of temperature above 5 K, while it decreases with the decrease of temperature below 5 K. Such an abnormal behavior can be explained by the fact that the interaction between SSG and AFM and the transformation of SPM from SSG with respect to the variation of the temperature, which could affect unidirectional anisotropy and, in turn, induces the nonmonotonic variation of EB. 13 In order to unveil the origin of this salient feature below 5 K, we plotted the H L and H R vs. temperature in the lower panel of Fig. 5 . It is clearly seen that the H L decreases while the H R increases with the decreasing of temperature below 5 K. We infer that the abnormal decrease of H EB can be explained by the model with equal numbers of two types of AFM grains. 31 The grain with different size presents different AFM anisotropy, i.e., large size presents large anisotropy and vice versa. After an initial positive magnetic field is applied, the SFM and AFM spins line up along with the magnetic field, corresponding to the most ordered SFM-AFM interface. After a negative magnetic field is applied, the torque from the SFM is sufficient to rotate the low anisotropy AFM spins. However, for sufficiently large AFM anisotropy, the AFM spins remain unchanged. In this case, the AFM spins become disordered. Once the magnetic field is rotated back to its original positive direction, the low anisotropy AFM spins also rotate to the positive direction due to the torque exerted by the SFM spins. Thus, when the AFM spins are being rotated to the negative (positive) field direction, the interface is disordered (ordered). The H R is abnormally enhanced due to the fact that the rotation of the AFM spins from the disordered state to the more ordered state is hindered by domain wall pinning. 32 The rotation of the AFM spins from the more ordered state to disordered state is easier, leading to an abnormal decrease of H L .
Compared with abnormal change of H EB below 5 K, the H EB does not present such abnormal behavior above 5 K. It can be ascribed to the fact that the SFM-AFM interface becomes more active, and some of small AFM anisotropy grains could rotate spins and become a new part of SFM domain. Thus, SFM domain will grow in size; in this case, a new SFM-AFM interface is formed. Finally, a SFM unidirectional anisotropy can be produced isothermally and a large EB field was observed above 5 K, which has been explained very well in the supplementary material of Ref. 11 by Wang et al. On the contrary, as the temperature is below 5 K, the SFM-AFM interface becomes more stable, leading to a drop of EB. However, there may be other reasons for such drop of H EB at T < 5 K. For example, it is possible that SSG can hardly transform to SFM, and then the SFM-AFM interface can hardly form due to the SSG completely frozen at extremely low temperature.
In summary, the structural, magnetic transition, and EB effect in Ni 50 Mn 36 Co 4 Sn 10 Heusler alloy were studied in detail. Strongly enhanced spontaneous EB could be attributed to the enhancement of AFM, which induces a strong interaction with SFM, SSG, and SPM. The drop of H EB below 5 K is due to the switching of order-disorder at the SFM-AFM interface and the rotation of the AFM spins from the disordered state to the more ordered state hindered by domain wall pinning. 
